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Shocks act to convert incoming supersonic
flows to heat, and in collisionless plasmas the
shock layer forms on kinetic plasma scales
through collective electromagnetic effects. These
collisionless shocks have been observed in many
space and astrophysical systems1–4, and are be-
lieved to accelerate particles, including cosmic
rays, to extremely high energies5–9. Of particular
importance are the class of high-Mach number,
supercritical shocks10 (MA & 4), which must re-
flect significant numbers of particles back into the
upstream to accommodate entropy production,
and in doing so seed proposed particle acceler-
ation mechanisms11–14. Here we present the first
laboratory generation of high-Mach number mag-
netized collisionless shocks created through the
interaction of an expanding laser-driven plasma
with a magnetized ambient plasma. Time-
resolved, two-dimensional imaging of plasma den-
sity and magnetic fields shows the formation and
evolution of a supercritical shock propagating at
magnetosonic Mach number Mms ≈ 12. Particle-
in-cell simulations constrained by experimental
data show in detail the shock formation, separate
reflection dynamics of C+6 and H+1 ions in the
multi-species ambient plasma, and density and
magnetic field compressions and overshoots in the
shock layer. The development of this experimen-
tal platform complements present remote sensing
and spacecraft observations, and opens the way
for controlled laboratory investigations of high-
Mach number collisionless shocks, including the
mechanisms and efficiency of particle accelera-
tion.
On October 7, 1962 the Mariner II spacecraft con-
firmed for the first time the existence of collisionless
shocks when it passed through the magnetic disconti-
nuity that is known today as the Earth’s bow shock15.
Such shocks had only been proposed a decade earlier16,
and differ from hydrodynamic shocks in that they dis-
sipate energy through collective electromagnetic effects
on length scales far shorter than the classical mean free
path. Since then, collisionless shocks have been observed
throughout the cosmos, including around Earth and
FIG. 1: Experimental setup. An external magnetic field
(B0 = 8 T) in an anti-parallel geometry was applied by pulsing
current through conductors located behind opposing plastic (CH)
piston targets. The volume between the piston targets was
pre-filled with an ambient plasma irradiated by a low-energy beam
from a third CH target. Two counter-propagating piston plasma
plumes, generated by ablating the opposing piston targets with
two high-energy beams, were then driven through the magnetized
ambient plasma. An example image taken with the angular filter
refractometry diagnostic is shown for reference (see Methods).
planets of the solar system1,2,4,8, the heliopause3, and
supernovae remnants17. In many of these systems, the
shocks are magnetized due to pre-existing magnetic fields
in the upstream plasma. In the heliosphere magnetized
shocks have been well-studied within the limitations im-
plied by 1-D spacecraft trajectories. Meanwhile, remote
sensing of supernovae provide compelling evidence of par-
ticle heating7 and cosmic-ray acceleration9 typically at-
tributed to shocks, but such observations are too dis-
tant to resolve details of the shock itself. Consequently,
laboratory experiments – with their reproducibility and
comprehensive, multi-dimensional datasets – can comple-
ment spacecraft and remote sensing observations through
an appropriate scaling of key dimensionless parameters18.
The present experiments were carried out on the
Omega EP laser facility19 at the University of Rochester.
The experimental setup is shown in Fig. 1. Two op-
posing plastic (CH) piston targets were embedded in an
externally applied magnetic field and irradiated by one
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2FIG. 2: Refractive and proton radiographic images of collisionless shock evolution. In each image, the piston targets are
located just outside the left and right borders, while the ambient target is located below the bottom border. The piston plasmas expand
toward the center (x = 0), while the ambient plasma expands from the bottom upwards. The timestamps correspond to the time relative
to the firing of the drive beams. The dashed rectangle in (a) represents the region of interest in Fig. 3. Panels (a)-(d) are images of
angular filter refractometry. In (a), no shock is observed without an external magnetic field or ambient plasma. In (b)-(d), the shock is
observed evolving from early to late times with an external field and ambient plasma. In (b), only one target was used, confirming that
these features are independent of counter-streaming interactions between two pistons. In (e), proton radiography reveals the formation of
strong magnetic field compressions (light “ribbons”) coincident with the shock at comparable times.
FIG. 3: Evolution of plasma density profiles.
Line-integrated electron density profiles (black) were
reconstructed from refractive imaging at (a) 2.35 ns, (b) 2.85 ns,
and (c) 3.85 ns after laser ablation (see Methods). For each, the
shaded band corresponds to the uncertainty in the integration
length. Also shown are the corresponding profiles from psc PIC
simulations (red). Additionally, in (c) the ambient (green) and
piston (blue) contributions to the total electron density in the
PIC simulations are shown. (a, inset) Raw shadowgraphy signal
(black) and reconstructed relative density (green) profile at 2.35
ns. (b, inset) Direct comparison of the raw AFR signal (black)
and corresponding synthetic simulation signal (red) at 2.85 ns.
For both, the signals have been reduced to binary for simplicity.
In all plots, the plasma moves toward x = 0.
or two high-energy lasers, driving counter-propagating,
supersonic plasma plumes through a pre-formed, mag-
netized ambient CH plasma in a perpendicular mag-
netic geometry. This experimental configuration uti-
lizes the concept of a magnetic piston pioneered by
early experiments20, and has been previously used to
demonstrate how expanding, laser-driven piston plumes
sweep up and compress the ambient plasma and mag-
netic field21. It also extends previous, low-Mach num-
ber shock experiments22–24 to a significantly new pa-
rameter space, with magnetic fields, ambient densities,
and laser energies that are orders of magnitude larger.
Other versions of this configuration have focused on the
formation of non-magnetized (electrostatic) collisionless
shocks25–27 or counter-streaming geometries relevant to
Weibel-mediated shocks28,29.
The interaction of the piston plasmas with the mag-
netized ambient plasma was diagnosed with a 263 nm
probe beam that passed through the plasmas, produc-
ing simultaneous images of shadowgraphy and angular
filter refractometry (AFR). Additionally, the dynamics
and topology of the magnetic fields were probed using a
multi-MeV proton beam generated with an independent
short-pulse laser (see Methods).
Fig. 2 shows AFR and proton radiographic images.
The main features seen in the AFR images include two
wide bands, and, in some conditions, one or two very nar-
row bands near the image center. These narrow bands
are also seen in the same locations in the correspond-
ing shadowgraphy images (not shown). The wide bands
are associated with the piston plasma plumes, while the
narrow bands indicate the development of very strong
density gradients where the piston and ambient plasmas
interact. In particular, Figs. 2b-d show the formation
and evolution of shock-like features from early to late
times. In contrast, Fig. 2a shows that without an ex-
ternal magnetic field and without an ambient plasma,
no shock forms (see Methods for additional null results).
We note that shock formation only requires a single pis-
ton plume interacting with the ambient plasma (see Fig.
3FIG. 4: Results from 2D particle-in-cell simulations that show the formation of a high-Mach number, magnetized
collisionless shock. The simulations consist of a CH piston plasma expanding into a CH ambient plasma in an externally-applied
magnetic field. Each panel is representative of a different time in units of the upstream C ion gyroperiod ω−1ci , form earliest (a) to latest
(d). For each panel, the top three rows are phase space density plots of piston, ambient H, and ambient C ions in terms of the C
magnetosonic Mach number Mms and ambient C ion inertial length di. The bottom row are plots of magnetic field (black), total ion
density (purple), ambient H ion density (red), ambient C ion density (green), and piston ion density (blue) relative to their upstream
ambient values.
2b); multiple pistons were used to increase data collec-
tion. Fig. 2e is a proton radiographic image and shows
the formation of strong magnetic field compressions (light
regions of low proton fluence) coincident with the AFR
shock bands, as well as the formation of magnetic cavi-
ties (dark regions) behind the magnetic compressions (see
Methods).
The experiments were simulated with the 2D particle-
in-cell (PIC) psc and 2D radiation-hydrodynamic draco
codes (see Methods). draco was used to model the
laser-target interaction in order to predict the density
and temperature profiles of the ambient and piston plas-
mas; the associated wide plume bands imaged through
AFR were found to be in good agreement with these
draco predictions (see Methods). Modeling by draco
further indicated that the ambient plasma electron den-
sity and temperature remain relatively stable at ne,a0 ≈
(0.2 − 0.6) × 1019 cm−3 and Te,a0 ≈ 15 eV between the
piston targets over the timescales of the experiment. We
used these plume parameters to initialize a fully kinetic
psc simulation of the expansion of a mixed-species CH
piston plasma into a uniform, pre-formed ambient CH
plasma embedded in a uniform magnetic field. In this
configuration, the piston plasma drives a strong diamag-
netic current and accompanying magnetic compression as
it expands through the ambient plasma, coupling energy
and momentum to the ambient ions through induced Lar-
mor electric fields30. The magnetic pulse is then carried
by the newly accelerated ambient ions and steepens into
a collisionless shock through ion reflection.
Density profiles reconstructed from the refractive im-
ages are shown in Fig. 3. These profiles and associated
numerical modeling show conclusive evidence of the pro-
duction of a supercritical magnetized collisionless shock,
as indicated by a magnetosonic Mach numberMms > 4, a
density compression n/n0 > 2, a compression ramp width
∆x/di > 1, and the separation of the shock structure
from the piston. The speed of the narrow bands in Fig. 2
can be estimated from their time-of-flight. Between 2.35
and 2.85 ns (Fig. 3a-b), it is found to be vs = 700 ± 30
km/s. This implies that the bands are moving highly
super-magnetosonically with Mms = vs/cms = 12 ± 5,
where c2ms = v
2
A + c
2
s, vA is the Alfve´n speed, cs is the
sound speed, and both are calculated relative to con-
ditions in the upstream (ahead of the shock) ambient
C plasma. Note that at these speeds, the ions are ef-
fectively collisionless (despite high densities), with a ra-
tio of the collisional length scale λii to the system size
D0 (the distance between piston targets) of λii/D0 > 1.
As the bands form, their corresponding jump in density
grows from ∆ne = (1.3± 0.3)× 1019 cm−3 at 2.35 ns to
∆ne = (1.6± 0.3)× 1019 cm−3 at 2.85 ns. These density
jumps represent a growth in the maximum compression
ratio relative to the background of n/n0 ≥ 3.2 ± 0.5 to
n/n0 ≥ 3.7± 0.5. Simultaneously, the width of the den-
sity jump grows from ∆x = 84±10 µm to ∆x = 140±10
µm. In terms of the ambient C ion inertial length di,
this represents a growth from ∆x/di ≥ 0.6 ± 0.2 to
∆x/di ≥ 1.1 ± 0.3. Here, the inequalities indicate that
these measurements are lower bounds since the diagnos-
tics are only sensitive to the largest density gradients,
rather than the entire density jump. Similar to previ-
ous experiments21, we conclude that the magnetic field
is compressed by B/B0 & 3 (see Methods).
These features are confirmed by PIC simulations (see
Fig. 4a-b), which show that by 2.35 ns a collisionless
shock has already formed in the ambient H ions and is
moving at Mms ∼ 15. This can be seen by the large den-
sity and magnetic field compressions (n/n0 > 3, B/B0 >
3), the large compression ramp widths (∆x/di > 2), a
4population of hot downstream H ions (in the shock frame,
they are heated as they are decelerated through the shock
front), and a small population of highly-accelerated am-
bient H ions (in the shock frame, these are reflected ions).
By 2.85 ns, the H shock has evolved to a stronger state
(large compressions and reflected ion populations), while
an additional shock is just forming in the ambient C ions.
Note that 2.35 ns and 2.85 ns correspond to H and C
gyration times of t · ωci,H ∼ 1.4 and t · ωci,C ∼ 0.9, re-
spectively, which is consistent with the expected shock
formation timescale t · ωci ∼ 1 for each species.
By 3.85 ns (Fig. 3c), the data-derived density profile
has bifurcated into double “bumps”. From shadowgra-
phy, the first bump is consistent with the one seen at 2.85
ns. Simulations (Fig. 4c) reveal that by this time the C
shock has fully formed, while the H shock has maintained
its structure in a quasi-steady state. The formation of the
C shock has also, in particular, forced the piston ions to
begin piling-up as they become trapped behind the C-
generated magnetic compression. As a result, a double
bump structure forms in the density profile due to the
separation of the C (and H) shock from the pile-up of
piston ions behind it. At later times (Fig. 4d), the C
shock becomes the dominant feature, with significantly
stronger downstream and reflected ion populations com-
pared to the H shock. By these late times the piston ions
also become effectively trapped behind the C shock, indi-
cating that their role in coupling energy and momentum
to the ambient ions has effectively ended.
These results demonstrate that we can drive high-
Mach number, magnetized collisionless shocks in the lab-
oratory, and open a new experimental regime for studying
shock formation and evolution that is difficult to achieve
with spacecraft. The experimental platform is highly
flexible – allowing variation in the applied magnetic field,
upstream density, magnetic geometry, and piston speed
– and its development enables new collaborative inves-
tigations on the relationship between collisionless shocks
and other highly-driven, astrophysically-relevant systems
such as those involving magnetic reconnection or the
Weibel instability.
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